The transducer was calibrated following each run with a small test stand, utilizing a micrometer to move the shaft known distances. The instrument was essentially linear through the ranges encountered. A static calibration curve is shown on the left of figure 2. The dynamic amplitude vs. frequency response of the transducer is shown on the right of figure 2.
Large dogs were anesthetized with chloralose (60 mgAg) and urethane (600 mg/kg) after morphine (2 mg/kg) preanesthetic. The left aspect of the heart was exposed with a sternal splitting incision and partial resection of four to six left ribs. Aortic arch pressure was recorded through a catheter inserted via the left subclavian artery. Left ventricular pressure was recorded with a cannula through an apical myocardial puncture. Pressures were measured with Statham P23d manometers. Instantaneous flow was measured at the root of the aorta just above the valves with a 400 cycles/sec gated sine wave electromagnetic flowmeter. Recording was done on a Sanborn 350 oscillograph.
FIGURE 1
Myocardial wall thickness transducer. See text for description of its operation.
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The thickness gauge was inserted through the myocardium of the left ventricle midway between apex and base, either to the left or right of the anterior papillary muscle, as verified postmortem.
Changes in the size of the left ventricle were estimated by continuously measuring the length of an arc of the epicardial surface. Frequently two arc lengths were recorded, one arc in the longitudinal direction, that is from base to apex, and the other at right angles to this in the transverse direction. Static calibration and dynamic amplitude vs. frequency response curves for the thickness transducer. calipers sewn to the surface of the heart. The caliper has been described in detail previously. 1 An effort was made to place the calipers close to the point where the thickness gauge was inserted, but this was not always possible since it was necessary to avoid the coronary vessels on the surface of the heart. After thickness and surface strain determina-Circulalion Research, Volume XIV, June 1964 tions were made in a control state an intravenous infusion of norepinephrine (approximately 0.001 mg/kg per minute) was given to raise the arterial pressure 10 to 20 mm Hg and the measurements were repeated. Strains were calculated with respect to the initial dimension at the beginning of ejection. That is, the value at the beginning of ejection was sub-tracted from the value at the end of ejection and the resulting difference divided by the value at the beginning of ejection. Thus a positive strain indicates an increase in size during ejection, a negative strain a decrease. The ejection period was determined from the aortic root flow record.
Myocardial Mural Thickness and Strain
Results
A representative record of mural thickness is shown in figure 3 . The change in thickness of the heart wall during the cardiac cycle has a characteristic pattern. A sharp increase in thickness at the beginning of systole during the "isovolumic" phase was regularly observed. With the onset of ejection a somewhat slower increase in thickness was observed. Thickness became fairly constant in the later portion of ejection and often remained so for a brief period after the aortic valves had closed. The wall became thinner during diastole, usually thinning in a smooth manner.
Successful determinations were made in ten animals. The data are summarized in table 1. The table lists the dogs with their weights and is divided into two similar parts: control and norepinephrine. The minimum diastolic and maximum systolic wall thicknesses during a cardiac cycle are given in millimeters. Also the strains during the ejection period are given for thickness, as well as longitudinal and transverse arcs. Under control conditions the average increase in wall thickness from diastole to the beginning of ejection in ten animals was + 0.113. The average control thickness strain during ejection was -f-0.105. The average of seven transverse surface strains during the same ejection period was -0.038. The average of six longitudinal strains during ejection was -0.046.
With a norepinephrine infusion the change in thickness during ejection changed to an average strain of + 0.150 in the same animals. The average transverse arc strain was -0.053 in seven animals with norepinephrine. The average longitudinal arc strain in six animals was -0.047 with norepinephrine.
Discussion
The toggle piece in the transducer used was held against the endocardium by a light com-pression spring. The turgor of the myocardium is less during diastole than systole which means that the toggle could indent the muscle more during diastole than during systole when it became stiffer. This effect would tend to exaggerate the change in thickness observed between diastole and systole. It was not possible to determine the magnitude of this error, but it was estimated to be small since special care was used to keep the spring tension as light as possible. The change in turgor of the myocardium during the ejection phase of systole is probably not very great so that the measurements made in this period and the strains calculated would be less subject to this type of error.
Since muscle is predominately composed of water it would be expected that little volume change would accompany contraction. The volume change that skeletal muscle undergoes during contraction has been shown to be extremely small, less than one hundredth of one per cent. 2 It is unlikely that the changes in thickness observed were influenced by changes in volume of the cardiac muscle.
If muscle tissue is incompressible, then the sum of infinitesimal strains in three mutually perpendicular directions at a point will be zero. However, when strains are estimated in a curved object such as the heart and finite dimensions and finite strains are measured, this is only approximately true. For a given stroke volume, the endocardial surface must undergo a greater strain than the epicardial surface. Since the change in thickness represents the strain integrated across the entire wall, the strain estimated from the change in thickness will be greater than the sum of the tangential strains on the epicardial surface. Although the data manifest considerable scatter, inspection of table 1 shows that the sum of the transverse and longitudinal epicardial strains with ejection was on the average somewhat smaller than the mean radial strain computed from change in thickness. These comparisons lend support to the values observed and indicate that the thickness measurements were probably of the correct order of magnitude.
It was not possible with this transducer to measure thickness changes of the ventricular wall where the ventricle has a short radius of curvature, as at the apex or close to the aortic ring. It can only be assumed that these measurements, made midway between apex and base, are representative of the left ventricle generally.
The average of ten dogs showed an increase in wall thickness of over 10% between diastole and the beginning of ejection and a further increase of 10% during ejection. These values increased by about half again when norepinephrine was given. When tension (force per unit area) is to be calculated for the heart wall the changes in thickness during the cardiac cycle should be kept in mind. Moreover, myocardial force gauges which are sutured to the outer surface of the heart register forces which may be altered in a complex manner by changes in thickness.
Summary
The instantaneous and continuous thickness of the left ventricular wall was measured in ten dogs with a specially designed transducer. The thickness change during the "isovolumic" phase of systole was 11%. The average thick-ness increased an additional 10% during the ejection period of systole. These average values increased to 20% and 15% respectively with the administration of norepinephrine (approximately 0.001 mg/kg per minute).
Transverse and longitudinal epicardial arc strains were compared with thickness strain of the myocardium. Assuming the myocardium is incompressible, reasonable agreement was found in the three strains, which lends support to the measurements that were made.
It is concluded that changes in the thickness of the myocardial wall during the cardiac cycle may be important in some considerations of the heart's performance.
